We investigated the individual differences in the use of binocular disparity and proposed a method for improving stereopsis in observers who do not perceive depth from disparity in 3D-graphic environments. In Experiment 1, non-stereoanomalous observers, aged 19-25 years, were asked to roughly evaluate the depth of 3D-graphcial stimuli containing binocular disparity and shading. The results of Experiment 1 showed 30% of the observers were pseudo-stereoanomaly who perceived depth only from shading. In Experiment 2, 60% of the pseudo-stereoanomalous observers were able to use disparity when they had to assess the depth concretely. In Experiment 3, all of the observers who participated in Experiment 2 learned to use the disparity information when retasked with roughly estimating again. These results suggest that quite a few people have difficulty in experiencing rich depth perception in current 3D-graphic environments. However, appropriate training procedures would improve their use of disparity information over the long term.
Introduction
Over the last few years, 3D-graphic environments have entered the mainstream with their use in theaters, TVs, and video games. In these applications, binocular disparity plays a key role in the perception of depth, in combination with pictorial cues such as shading.
However, it is well known that there are large individual differences in binocular disparity ability and about 3- However, most previous studies used stereo stimuli without other types of depth cues when investigating individual differences in stereoacuity, even though the prevailing 3D-graphic environments give observers rich depth perception through information from monocular pictorial cues in support of binocular disparity 7) . In addition, no research has yet to propose a way of improving the use of disparity information for observers who do not use binocular disparity in the 3D-graphic environments containing both binocular disparity and pictorial cues, although several studies have demonstrated that more than 1000 trials of stereopsis training allowed adult observers with strabismus-or amblyopia-induced stereoanomaly to use binocular disparity under stereo stimuli without other depth cues 8) -9) . In this study we have two objectives: (a) to examine the individual differences in binocular disparity ability when using common 3D-graphic environments and (b) to propose a method of improving the use of disparity information 10) . In particular, we are interested in pseudo-stereoanomaly observers who mainly used monocular pictorial cues, rather than disparity, for depth perception even though they have normal stereoacuity.
It is well known that shading is one of the most effective pictorial depth cues 11)-12) , and thus, shading plays an important role in current 3D-graphical environments. In addition, depth perception in 3D graphics reflects the interaction between binocular disparity and shading 13) .
Therefore, for the purpose of this study, we employ simple 3D-graphical stimuli containing binocular disparity and shading. Experiments are performed using still images to suppress other depth cues like motion parallax.
We conducted three experiments: measuring naive approach to using depth cues (Experiment 1), testing whether changing only the instruction affects the usage of depth cues or not (Experiment 2), exploring the sustainability of depth cue learning (Experiment 3). In Experiment 1, observers were asked to evaluate the subjective depth of 3D-graphcial stimuli using a 5-point rating scale. This simple instruction allows us to estimate how observers use depth cues under the prevailing 3D-graphic environment. In Experiment 2, the observers were instructed to assess the depth in centimeters to one decimal place. This new instruction made the observers focus their attention on the depth, which would be a rare experience for the observers in daily life. Thus, we anticipate a change in how the observers used the depth cues. In Experiment 3, we investigated whether the observers who changed their usage of depth cues in Experiment 2 retained the change in depth cues or not. The same instruction as in Experiment 1 was given. Thus, the observers were instructed to evaluate the depth of 3D stimuli using the 5-point scale again.
Experiment 1

Methods
Apparatus and Stimuli
The stereoscopic stimuli were presented on a Ture3Di
SDM-240 (Redrover Ltd.); the visual stimuli were rendered in stereo on two 24-inch liquid-crystal monitors, running at 60 Hz each. The visual apparatus was held stationary at 930 mm from the observer. Before the experiment, the stereoscopic vision of all observers was examined using the Titmus stereoscopic test. 
Experimental design and Procedure
Two factors were manipulated following a withinsubject design: the disparity factor and the shading factor. The disparity factor consisted of 6 conditions (-1' (i.e., uncrossed), 0' , 1' , 2' , 4' , and 8' crossed disparities).
Note that there was only one uncrossed condition in the disparity factor (i.e., -1') because the uncrossed condition gave artificial stereo images that would not be used in the prevailing 3D-graphic environments and we wanted to 
Observers
Thirty observers ranging in age from 19 to 25 years were recruited for this experiment. All could discriminate disparity to the level of at least 3.33' in the Titmus stereoscopic test. Fig. 3 shows the results of Experiment 1. The observers were classified into three groups depending on the basis of visual inspection: the cue-combination group used both depth cues ( Fig. 3 (a) , n = 15), the pictorial-cue group used only shading ( Fig. 3 (b) , n = 9), and the disparity group used only binocular disparity (Fig. 3 (c) , n = 6).
Results
Interestingly, 30% of the observers perceived depth only from the monocular pictorial cue even when the stimulus contained larger disparities than those that the observers could discriminate in the Titmus stereoscopic test.
These results suggest that more than a few nonstereoanomalous observers did not rely on information from binocular disparity even though both binocular and monocular depth cues were present. The reason for this no use of binocular disparity may be due to the task in Experiment 1; the observer was asked to assess the subjective depth of the 3D stimuli. That is, the observers in the pictorial-cue group may be able to estimate depth roughly by using the 5-point scale only depending on the familiar and/or the outstanding shading cues. If this is the case, the observers should use binocular disparity when exact depth information was required for the judgment of the depth because binocular disparity will yield richer depth information than the shading cues 14) .
In the next experiment, we investigated whether or not the observers in the pictorial-cue group used the disparity information from the 3D stimuli when they had to estimate the apparent relief in centimeters, instead of working with the 5-point scale.
Experiment 2 3.1 Methods
The methods were the same as those used in Experiment 1, except for the following. The observers were asked to evaluate the height of the square above the background in centimeters to one decimal place.
Twenty five observers who participated in Experiment 1 were recruited again for this experiment. Experiment 2 was conducted at least 34 days after Experiment 1.
Results
Table 1 details the number of observers who were classified into each of the three groups in Experiments 1 and 2. All observers who were assigned to either the cuecombination or the disparity group in Experiment 1 were classified into the same group in Experiment 2.
However, the observers who had relied only on the pictorial shading cue in Experiment 1 were apportioned among the three groups. Five of the eight observers switched to using information from binocular disparity with or without shading (Fig. 4 (a) ); the remaining three observers did not change (Fig. 4 (b) ). These results suggest that more than half of the observers, who did not use disparity information when the height was to be roughly estimated, exploited it if a more exact estimation was required.
It is possible that the conversion from the pictorial-cue group to the cue-combination or the disparity group through Experiments 1 and 2 is due to familiar with the availability of information from binocular disparity. If so, the converts would use disparity information even when they were asked to estimate depth of the 3D stimuli roughly because they had experienced the usage of the information. To confirm this point, in Experiment 3, we investigated whether or not the observers who relied on the binocular disparity in Experiment 2 but not in Experiment 1 exploited information from binocular disparity for estimating depth perception when required to use the same 5-point rating scale used in Experiment 1.
Experiment 3 4.1 Methods
The methods were the same as those used in Experiment 1, except for the following. After the experimental trials, observers were asked whether or not they were aware that the 3D stimuli used in the experiment varied in terms of binocular disparity. Six observers who participated in Experiment 2 were recruited for Experiment 3. Five were the converts who were classified into the pictorial-cue group in Experiment 1 and into the cue-combination or the disparity group in Experiment 2. Another observer was classified into the cue-combination group in Experiments 1 and 2 but he judged the depth of the stimuli depending on the disparity more strongly in Experiment 2 than in Experiment 1. Experiment 3 was conducted at least 115 days after Experiment 2.
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Results
Discussion
The purpose of this study is to investigate the individual differences using binocular disparity and propose a way for improving the use of disparity information by non-stereoanomalous observers who do not use binocular disparity in common 3D-graphic environments. In Experiment 1, the observers who could discriminate small levels of disparity (e.g., 3.33') in a simple stereoscopic test (i.e., they were nonstereoanomalous) were asked to assess the subjective Another possibility in interpreting the above results is that the observers merely adopted the strategy that yielded an effective cue for assessing the subjective depth. That is, 30% of observers might feel that shading was an easy-to-use cue in Experiment 1, because shading was outstanding property of the stimuli that could be perceived in one eye, whereas it was necessary to fuse the images of the square (using both eyes) to achieve single binocular vision. In this case, some of the observers might change their strategy (i.e., start using disparity information) to assess the relative separation concretely in Experiment 2, and continue to use the new strategy in Experiment 3.
Considering the facts that only one experience of concrete depth-estimation could change how some observers used depth cues for their perception, and they have experienced rich 3D perception arising from not only pictorial but also disparity depth cues in daily life, the latter possibility might seem a plausible explanation.
Of course, these two possibilities are not mutually exclusive. That is, observers who tended to stay indoors and enjoyed TV programs and video games in their childhood might be likely to adopt the strategy which gives preference to pictorial-depth cues over binocular disparity under the current conditions. It would be interesting to investigate the relationship between the experience in childhood and the strategy used for perceiving 3D-graphics environments, but this issue is beyond the scope of the present study.
In the results of Experiment 2, more than half of the pseudo-stereoanomalous observers found in Experiment 1 could use disparity if they were asked to evaluate the depth more concretely. It is important to note that all of the observers who participated in this study could discriminate very small levels of disparity (i.e., 3.33') in the Titmus stereoscopic test, suggesting that they naturally had the ability to use disparity information.
Therefore, these observers were likely to become comfortable with using binocular disparity, which yields richer depth information than shading cues 14) , when they had to evaluate the depth exactly. In addition, they continued to use disparity even when they were required to estimate the depth roughly again (in Experiment 3).
These results suggest that, if binocular disparity is used for depth perception at least once, the user is more likely to rely on binocular disparity in similar environments.
Note that not all pseudo-stereoanomalous observers could use binocular disparity even when they were asked to estimate the depth of the stimuli more exactly (in Experiment 2). That is, three of the eight observers continued to use shading to evaluate depth. Unfortunately, it is unclear why they did not switch to disparity information under the current situation. Obviously, further experiments are necessary to clarify this issue.
Conclusion
In this study, we investigated individual differences in the use of binocular disparity in a 3D-graphic environment that presented both binocular disparity and monocular depth cues (shading). The study yielded three main findings. First, 30% of the young adults were pseudo-stereoanomalous, that is, they depended on information from shading rather than disparity to perceive the 3D effect although they were not stereoanomalous. Second, the observers who did not initially use disparity information for roughly estimating the depth changed to exploit the information when they had to assess relative separation in more concrete terms.
Third, the use of disparity information can be learned unconsciously.
These findings may be a result of a decision strategy what visual cue the subjects used in the experiment but there is another possibility that quite a few people have difficulty in experiencing rich depth perception in current 3D-graphic environments because they are unfamiliar with using binocular disparity. However, it is possible that appropriate training procedures would improve their use of disparity information over the long term.
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